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Proposal  Number  19511-MS 
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Temperature  Compensation  in  the  '2:17'  Type  Magnets 

Pr  and  Nd  Substituted  '2:17'  Magnets  for  Elevated 
Temperature  Application 


The  program  was  conducted  in  three  phases.  Phase*I  dealt  with  identifying 
composition  ranges  between  RC05-R2C017  that  can  produce  maximum  induction. 
Anisotropy  field  and  saturation  magnetization  were  measured  on  a  series  of  Sm, 

Pr,  and  Nd  alloys.  The  results  indicate  that  Pr,  Nd  or  a  combination  of  both 
can  be  effectively  utilized  for  increasing  the  saturation  induction  and  yet  main¬ 
tain  reasonable  values  of  anisotropy  field.  Energy  products  greater  than  40  MGOe 
are  possible. 

Phase  II  addressed  the  issue  of  temperature  compensation  in  the  '2:17'  type 
of  magnets  to  permit  the  utilization  of  these  magnets  in  travelling  wave  tubes 
operating  at  200-250°C.  A  computer  assisted  composition  selection  procedure  was 
adopted  that  allowed  pinpointing  compositions  that  will  yield  best  temperature 
compensation.  Magnets  fabricated  from  the  identified  compositions  produced 
temperature  coefficient  that  satisfied  the  program  goals  (+0.0008%  per  °C  over  a 
temperature  range  of  -50  to  room  temperature  and  -0.007%  per  °C  over  room  tempera 
ture  to  250°C) . 

Phase  III  dealt  with  developing  temperature  compensation  in  the  NdFeB  type 
of  alloys.  Nearly  3000  compositions  were  generated  through  the  computer.  Com¬ 
binations  of  light  rare  earth  with  heavy,  heavy  rare  earth-with  heavy  and  two 
heavy  rare  earth  with  light  rare  earth  were  examined.  Two  compositions  were 
chosen  and  processed  into  magnets. 

Listed  below  are  their  composition,  magnetic  properties,  and  temperature 
coefficients. 


Magnoc  11:  <>«0. 24%.  70 

Br  *  7,900  Gauss 
Hc  =■  7,700  Oe 
Hci  -  14,400  Oe 
BHmax  -  15.2  MGOe 
Hk  -  13,000  Oe 
Density  *  7.8  gm/cc 


0.06)15Fe79B6’  ATC_112 

Temperature  Range 
(°C) 

-50  to  +150 
-50  to  +25 
+25  to  +100 


+24%  Alloy  #6 

Temperature  Coefficient  a 
_ (%  per  °C) _ 

-0.0345  (-0.013  predicted) 
+0.0081 
-0.0399 


/ 

/ 


Magnet  #2:  (NdQ>  24HoQ<  64DyQ>  13) ^Fe^ ,  ATC-110  +  18%  Alloy  H 


Br  *  7,700  Gauss 
Hc  *  7,700  Oe 
Hci  -  20,600  Oe 
BHmax  "14.8  MGOe 
Hk  -  18,300  Oe 
Density  *  7.98  gm/cc 


Temperature  Range 
(°C) 

-50  to  +150 
-50  to  +75 
-25  to  +75 
-50  to  0 


Temperature  Coefficient  a 
_ (%  per  QQ _ 


-0.0299  (-0.012 
-0.0033 
-0.0066 
+0.0152 


predicted) 

Cc 
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ABSTRACT 

Compensation  for  Che  temperature  dependence  of 
magnetic  flux  has  been  Investigated  In  Che  '2:17'  type 
permanent  magnet  alloys.  A  computer  assisted  composi¬ 
tion  selection  procedure  was  adapced  and  one  of  Che 
Identified  compositions,  Sm^ . I8^y . glGd . 01Co9 . 76^*4 . 19 
Cu.g3Zr.34,  was  processed  Into  magnets.  The  measured 
temperature  coefficients  correlated  satisfactorily 
with  Che  prediction.  Dysprosium  was  found  to  be  a 
becter  subscicuent  for  Sm  chan  either  Gd  or  Er  in 
providing  temperature  coefficient  of  linearicy. 

INTRODUCTION 

Temperacure  compensated  magnets  have  found  appli¬ 
cation  in  devices  such  as  gyros,  accelerometers,  and 
to  a  certain  extenc,  in  travelling  wave  cubes. 

Samarium  cobale  magnets  have  been  successfully 
temperature  compensated  by  alloying  with  heavy  rare 
earths^-'*.  For  a  fully  compensated  SmCoj  magnet,  the 
maximum  energy  produce  accainable  is  7.0  MGOe^. 

Further  miniaturization  of  devices  is  possible  only  if 
the  BHmax  is  increased  furcher  co  possibly  16-20  MCOe. 
We  have  investigated  rare  earth-cobalt  '2:17'  type  of 
alloys  to  improve  the  BHmax  of  a  fully  compensated 
magnet . 

Temperacure  compensation  in  '2:17'  type  alloys 
has  been  investigated  by  various  authors6,7.  However, 
a  generalized  approach  for  identifying  the  alloys  that 
can  provide  the  needed  temperature  coefficient  has  not 
been  made.  Such  an  approach  is  necessarv  Co  permit 
alloy  development  suiced  co  Che  need  of  a  particu¬ 
lar  device  since  Che  flux  in  Che  gap  is  dependent 
noc  only  on  Che  characteristics  of  the  magnet  but 
also  on  the  temperacure  variation  of  th»  device  gap. 
This  publication  presents  an  analytical  approach  to 
composition  selection  and  che  results  on  an  alloy  from 
this  selection. 

EXPERIMENTAL 

The  molar  composition  of  the  base  alloy  was 
SmrCoq . 7gFec , 39CU . g3Zr . 34 (SmjTM^j) .  This  and  four 
heavy  rare  earth  analogs,  SmDyTM^j,  SraErTMi5, 

SmCdTM35,  and  SH1H0TM35  were  each  induction  melted  under 
argon  gas  and  cast  into  split  copper  molds.  The  ingots 
were  crushed  to  75um  powder  and  thermomagnetlc  measure¬ 
ments  made  over  the  temperature  range  of  -60°C  co  220°C 
The  Faraday  technique  was  used  with  an  applied  field  of 
5  kilo-oersteds. 

The  composition  that  was  predicted  co  have  che 
smallest  temperacure  coefficients  was  Sm^ . 3gDv . g^Cd , 03 
TMl3.  It  was  induction  melted  by  che  above  procedure 
and  pulverized  co  -60  mesh  powder.  Jet  milling  with 
argon  gas  produced  an  average  particle  size  of  v5 
microns.  The  base  alloy,  Sm2TMi5,  was  also  jet  milled 
to  '.3  microns.  Magnets  (1cm  diameter  x  7cm  long)  were 
pressed,  sintered  between  1150-1200°C  for  1  hour, 
solucionized  for  5  hours  beeween  1120-1160°C,  then 
quenched.  They  were  chen  furcher  heat  treated  at 
•jCG-d50°C  and  slowly  cooled  co  900°C  then  naturally 
cooled  to  room  temperature. 
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After  hysteresis  loops  were  determined  for  center¬ 
less  ground  and  cut  samples,  temperacure  coefficients  of 
magnetization  were  measured  with  an  oscillating  sample 
magnetometer.  The  magnetized  sample  (0.75cm  diaueter  x 
3cm  long)  and  the  pick-up  coil  were  positioned  within  a 
cooling /heating  environmental  chamber.  When  chermcl 
equilibrium  was  reached,  the  3ample  was  driven  through 
che  coil  at  a  constant  speed.  The  magnetic  flux  so 
generated  was  measured  and  integrated  over  che  length 
with  a  6.5  digit  voltmeter  input  to  a  desk  computer. 

RESULTS  AND  DISCUSSION 

The  thermomagnecic  data  determined  by  the  Faraday 
technique  are  shown  in  Figure  1.  The  base  alloy  has  a 
large  negative  temperature  coefficient  of  magnetization 
over  the  entire  temperature  range,  while  che  curves  for 
the  alloys  containing  Dv,  Er,  Gd ,  or  Ho  show  less  vari¬ 
ation  and  have  positive  temperature  coefficients  in 
their  cooler  regions.  This  phenomenon,  which  is 
typical  of  heavy  and  light  rare  earth-transition 
metal  (Fe,  Co)  alloys  of  the  1:5  and  2:17  stoichiometry, 
suggests  a  method  of  approaching  temperature  independ¬ 
ence  of  magnetization  with  che  judicious  selection  of 
heavy  rare  earth  combinations  and  concentrations. 

We  have  generated  a  number  of  theoretical  magnet¬ 
ization  curves  from  these  experimental  data.  A  simpli¬ 
fying  assumption  was  made  thac,  at  a  given  temperature, 
magnetization  is  an  additive  property  with  the  number 
of  rare  earth  atoms.  Implicit  in  this  assumption  is 
that  crystal  field  effects  are  unchanged  by  che  addi¬ 
tion  of  heavy  rare  earths. 

Incremental  Interpolations  were  calculated  between 
the  base  alloy  and  each  heavy  rare  earth  analog.  These 
interpolations  resulted  in  families  of  curves  or  data 
arrays  for  each  heavy  rare  earth.  A  large  number  of 
magnetization  vs  temperature  curves  were  then  computer 
generated  from  these  data  arrays.  Various  concentra¬ 
tions  of  either  two,  chree,  or  all  four  heavy  rare 
earths  were  considered. 
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Figure  1.  Magnecizacion  vs  temperature  djta  measured 
for  the  Sm  and  heavy  rare  earth  substituted 

for  Sm  allovs.  TM*Co„  -.Fe  , .Cj  ~r  ,  . 
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Due  to  epaca  1 1ml  tec  lone,  wo  have  selected  certain 
famine*  of  curvoo  for  lnclualon  horo  on  the  beet*  of 
tvo  criteria — choee  ehowing  the  greater  linearity,  and 
others  displaying  the  effects  of  all  the  heavy  rare 
earths  considered.  Figures  2,  3,  1  and  5  show  the 
hypothetical  curves  for  two  heavy  rare  earth  additives. 
The  formulations  predicting  the  lowest  temperature 
coefficients  are  shown  on  these  figures  and  are  listed 
in  Table  I.  The  coefficients  were  calculated  by  the 
lease  squares  method. 
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Figure  2.  Computer  generated  curves  for  the  Gd  and 
Ho  substituted  alloys. 
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Figure  3.  Computer  generated  curves  for  the  Dy  and  Gd 
substituted  alloys. 
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Figure  4.  Computer  generated  curves  for  the  Dy  and 
Er  substituted  alloys. 
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Figure  5.  Computer  generated  curves  for  the  Er  and 
Cd  substituted  alloys. 


Table  I.  Alloys  with  Predicted  Low  Temperacure 
Coefficients  of  Magnetization 


Temperature  Coefficient,  S°C-^ 


Alloy 

-50  to  25°C 

25°C  to  250°C 

S“l.l8Dy.81Gd.01™15 

+.00624 

-.00788 

Sm1.18Cd.81Ho.01™15 

+.00713 

-.00793 

Sm1.42Er.09Cd.49™15 

+.00298 

-.0164 

Sm1.18Gd.81Dy.01™15 

+.00705 

-.00901 

Sm1.18Ho.81Cd.01™15 

+.012 

-.0121 

Figures  6  and  7 

show  typical 

curves  for  three 

heavy  rare  earth  components,  and  Figure  8  contains 
some  curves  for  all  four  heavy  rare  earths.  There 
Is  less  linearity  exhibited  In  these  multi-component 
predictions  than  was  evident  in  the  two  component 
results. 

The  alloy  predicted  to  have  the  lowest  temp¬ 
erature  coefficient,  S"U .  18^y . 8lCd . 09^15 •  uas 
prepared  and  fabricated  into  a  magnet.  The  follow¬ 
ing  magnetic  properties  were  measured:  Br-8,900 
Gauss,  Hci*7,750  Oersted,  Hc*6,300  Oersted,  and 
BHmax“16.5  MGOe.  The  results  of  temperacure  co¬ 
efficient  measurements  are  shown  in  Figure  9  along 
with  Che  predicted  curve  for  this  alloy.  Although 
the  experimental  curve  lies  below  the  predicted 
curve  (absolute  magnetization  values  smaller  by  5S) . 
there  is  good  agreement  between  the  shapes  of  the 
curves  and  their  respective  slopes.  The  low  temp¬ 
erature  coefficients  are  +.0008*°C-l(experimental) 
versus  +.006245:°C"''(predicted) .  The  other  sec  of 
coefficients  is  -, 00774;°C_1 (experimental )  and 
-.00788Z°C_l-(predicted)  .  This  is  indicative  of 
the  validity  of  this  procedure  to  predict  the 
general  shape  of  magnetization  versus  cemperacure 
curves  for  various  alloys  incorporating  heavy  rare 
earths  for  temperacure  compensation. 

Previous  work  has  shown  che_cemperacure  com¬ 
pensation  benefits  of  Cd®  and  Er',  with  which  we 
concur.  The  former  hss  the  disadvantage  of 
lowering  magnetization  values  more  so  than  others. 
We  have  shown  that  Dy  is  also  an  excellent  candi¬ 
date.  It  will  provide  linearity  over  a  broader 
cemperacure  range  chan  Er  does.  This  is  graphic¬ 
ally  displayed  by  comparing  curves  1  and  5  in 
Figure  4,  where  the  higher  Dy  contenc  (Curve  5) 
shows  less  variation  over  the  -50°C  to  222°C 
temperature  range  than  the  corresponding  Er  cure. 
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It  1,  also  displayed  by  noting  th«  difference  In  curve 
shapes  between  Figures  6  and  7,  where  Dy  and  Er , 
respectively,  are  dominant  in  otherwise  Identical 
cernarv  heavy  rare  earch  systems-  Dy  has  an  addi¬ 
tional  economic  advantage  as  being  the  least 
expensive  of  the  four  heavy  rare  earths  considered. 
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Figure  6.  Computer  generated  curves  tor  three 
component  rare  earth  alloys. 
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Computer  generated  curves  for  three 
component  rare  earch  alloys. 
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Figure  3.  Compucer  generated  curves  for  four  compo¬ 
nent  rare  earth  alloys. 
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Figure  9. 


Experimental  and  predicted  temperature  de¬ 
pendence  of  magnetization  data  ror  Sm^ _^g 
Dy^^Cd.oiTMlS  alloy.  The  numbers  on  the 
curves  refer  to  the  temperature  coeffic¬ 
ient  of  magnetization  over  the  low  (-50° 
to  0°C)  and  high  temperatures  (0°  to  250JC). 


CONCLuSIQNS 


The  proposed  method  of  predicting  the  behavior  of 
heavy  rare  earth  additions  to  alloy  systems  may  be 
used  in  place  of  che  "trial  and  error"  procedures.  Dy 
additions  result  In  Improved  temperature  compensation 
over  a  broad  temperature  range.  Gd  is  effective  over 
the  same  range,  but  significantly  lowers  the  magnet¬ 
ization.  Erbium  will  give  results  similar  to  Dy,  but 
over  a  smaller  temperature  range.  Dy  has  the  added 
advantage  of  being  the  least  expensive. 
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?r  AND  Nd  SUBSTITUTED  'I: 17'  MAGNETS 
FOR.  ELEVATED  T  LITERATURE  APPLICATION 
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.ABSTRACT 


Results  of  ?r,  Nd  and  (FrNd)  substitution  in  the 
'1:17'  type  permanent  magnet  alloys  are  presented. 
Microscructural  studies,  crystal  structure,  anisotropy 
field  (Ha),  Curie  temperature  (Tc),  and  saturation 
magnetization  (Ms)  were  used  as  fools  for  che  evalua¬ 
tion  of  these  alloys.  Pr,  Nd  and  (PrNd)  Increases  M9 
without  significantly  affecting  che  Tc.  Ha,  decreases 
when  5m  is  replaced  by  Pr.  Nd  or  ,PrNd)  .  Several  of 
the  alloys  investigated  show  promise  to  be  permanent 
magnets . 


INTRODUCTION 


'2:17'  type  of  permanent  magnets  have  been  in 
production  for  the  last  several  years.  The  general 
stoichiomecry  is  about  3M;j.--7.7  where  M  is  a  combin¬ 
ation  of  re,  Co,  Cu,  Zr1’-.  ^he  maximum  energy 
product  attainable  is  13  MGOe“.  Further  Increase  in 
the  BHaax  is  possible  if  che  saturation  magnetization 
Hs)  is  increased  by  increasing  che  number  of  moment 
carrying  atoms,  i.e.,  Fe  and  Co.  Samarium  has  a  very 
small  magnetic  moment  to  contribute.  Shiooda  at  ai-3 
and  Ray  at  al“  have  Increased  che  M  value  from  7.1  to 
3.35  by  increasing  the  iron  contenc  and  successfully 
made  magnets.  The  Ms  value  reported  was  11,300  - 
11,300  Gauss.  The  maximum  energy  product  attainable 
is  33-35  MGOe  assuming  the  anisotroov  field  is  high 
and  3Hmax  dan  be  approximated  to  3?*-/*.  The  increase 
In  iron  concent  alone  is  not  able  to  increase  che 
saturation  magnetization  past  12,000  Gauss.  It  is 
possible  to  increase  the  induction  by  decreasing  the 
cooper  content  since  copper  acts  as  a  diluent  for  che 
magnetic  moment.  However,  copper  is  vital  for  che 
generation  of  coercive  force  and  hence  cannot  be 
reduced  significantly.  We,  therefore,  added  Pr  and 
Nd  to  increase  the  saturation  induction  and  the 
results  of  these  Investigations  are  presented  in 
this  paper. 


EXPERIMENTAL  PROCEDURE 


The  allovs  were  prepared  by  Induction  melting 
the  elements  and  casting  the  alloy  into  a  copper 
mold. 

1.  X-rav  Data:  X-rav  diffraction  data  was  obtained 
using  a  Norelco  X-rav  Generator  (-OkV,  12aA)  in 
conjunction  with  a  11-.7  JJebve  Scherrer  camera. 
CrXa  radiation  was  used  on  -100  mesh  allov  pow- 
ier.  The  resulting  powder  patterns  were  indexed 
An  iterative  least  squares  technique  was  used  to 
calculate  the  lattice  parameters  of  each  allov. 


.Anisotropy  Field:  .Alloy  was  crushed  to  -325 
mesh.  The  powder  was  then  dispersed  in  paraff 
wax  and  aligned  in  a  25  ROe  fieid  and  allowed 
harden  in  the  presence  of  a  fieid.  The  field 
required  co  saturate  in  the  direction  parallel 
and  perpendicular  co  che  easy  direction  were 
evaluated.  H.a  was  determined  as  the  field 
required  to  saturate  che  maceriai  in  the 
perpendicular  direction. 

DISCUSSION 


The  X-ray  diffraction  patterns  of  the  alloys 
studied  could  be  indexed  to  a  ThoNi^-  'hexagonal) 
type  structure.  This  structure  is  characteristic 
of  high-cemperature,  disordered  SmoCojj^.  The  as- 
cast  alloys  were  2-phase.  With  increased  Fe  sub¬ 
stitution  for  Co  and  with  rare  earth  substitutions 
for  Sm,  more  complex  microstructures  were  observed 
Homogenization  of  the  as-cast  structure  was 
possible  becween  1165-11S5°C  for  most  alloys  (see 
Figures  1  through  3) .  Those  alloys  having  complex 
aicrostructures  were  more  difficult  to  homogenize. 
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2.  Curie  Temperature  Evaluation:  Homogenized  allov 
was  crushed  to  -100  mesh  and  TMA  (chermomagnetlc 
analysis)  was  used  co  determine  Tc  and  other 
magneclc  phases.  A  field  bi  1  kOe  was  used  for 
this  3Cuav. 

3.  Saturation  Magnet izaclcn :  Homogenized  allov  was 
crushed  and  ground  to  --00  mesh  in  argon.  Ali¬ 
quots  of  50-30  mg  were  measured  into  the  7SM 

vibrating  sample  magnetometer)  holder.  The  VSM 
was  calibrated  with  a  Ni  standard  using  * 
3-.-0  emu/ g  at  295K.  Honda  blocs  were  extrap¬ 
olated  to  obtain  J  saturation. 


Figure  3a  125X  Figure  3b  .25X 
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Figure  5.  Temperature  dependence  of  magnetization  at 
an  applied  field  of  1  kOe. 


Table  I.  3ase  Alloy: 


Sm,  (RE)  '.Co 
1-x  x 


x':Cj.50-vrev':j.08“r.02;3.33 


08^  02*8.35 


20  253  3i0  35  COO’  20  265  3i0  ’33  000 

''>'**0»r<JTVjr*  ,*C1 

Figure  i.  Temperature  dependence  of  magnetization  at 
an  applied  field  of  1  kOe. 


Table  I  illustrates  the  magnetization  observed  at 
an  applied  field  of  13  kG,  and  the  value  of  the  mag¬ 
netization  extrapolated  to  infinite  field.  Calculation 
of  the  theoretical  3Hmax  (Bs’'/-*)  is  also  included  in 
Table  I. 

The  substitution  of  Pr .  Nd ,  Pr/Nd  for  Sm  in  most 
cases  decreased  the  anisotropy  field,  H^.  Fe  substitu¬ 
tion  for  Co  usuallv  decreased  the  anisotropy  field. 

The  effect  of  these  substitutions  is  illustrated  in 
Figures  6  .and  7.  Nd  and  Pr  in  the  '2:17'  alloys  prefer 
a  basal  plane^  and  substitution  of  these  elements  re¬ 
duces  the  overall  preference  of  the  rare  earth  sub- 
lattice  t n  the  magnetically  easv  C-direction,  hence  a 
decreased  anisotropy  field.  The  preference  of  iron 
subiattloe  in  the  ’ 2 : 1 7  *  alloy  is  in  the  basal  phase 
and  the  effect  it  l  r  in  substitution  is  also  to 
decrease  thp  in  i  s*-*t  r 'pv  field. 
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?.  reasor.ao.e  values  - :  anisotrcov  :  le ^ j .  .r.ese 
jvs  ecu  1-  be  jsec  for  me  faoricatien  of  magnets, 
an  ailov  ;:r.:a:n:n;  **0.3,  a  comb ina t ion  of  ? r 
;3  more  effecive  in  maintaining  the 
joe:::;-’  tieli  than  either  Nc  or  ?r  a.jne.  This 
or  tect  m.3v  be  related  to  subtle  trvscai  fleic^ 
effects  tr.at  : r.anges  the  stabilization  energy  . 
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The  err  act  or  rr,  :.a  or  a  comomation  o:  rr 
No  is  to  increase  the  saturation  magnetization  v: 
aaverseiy  effecting  the  anisotropy  fie la.  A  :ew 
the  compositions  show  promise  for  utilization  as 
permanent  magnets.  The  potential  energy  product 
several  of  the  alloys  exceed  40  MGOe. 
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ABSTRACT 


Temperature  compensation  for  the  induction  of  NdFeB 
type  magnets  has  been  investigated.  A  computer  assisted 
alloy  selection  method  was  adopted  to  identify  composi¬ 
tion  of  zero  temperature  coefficient  of  induction  over 
-50  to  200°C.  Selected  alloys  were  processed  into  mag¬ 
net  by  the  conventional  powder  metallurgy  method.  The 
experimental  temperature  coefficient  on  the  sintered 
magnet  correlated  with  the  prediction  satisfactory. 
Holmium  is  an  essential  ingredient  required  for  temper¬ 
ature  compensation  of  NdFeB  magnets.  A  magnet, 

(Ndg  23®°0  64*^0 . 13)  15^e79®6  ®r  7,700  Gauss, 

Hc  of  7,700  Oe,  Hci  of  20,600  Oe,  BH^x  of  14.8  MGOe 
and  temperature  coefficient  of  -0.029%  per  °C  over 
-50  to  +150  was  obtained. 

INTRODUCTION 

Neodymoum-iron-boron  magnets  have  high  energy  pro¬ 
duct  Cl-3]  .  However,  the  temperature  dependence  of  mag¬ 
netic  induction  is  about  -0.08%  to  -0.12%  per  °C  over 
-50  to  150°C.  We  have  investigated  heavy  rare  earth 
alloying  to  improve  the  temperature  dependence.  A 
computer  assisted  composition  selection  procedure 
developed  for  SmCo5  and  the  2:17  [4-7]  alloys  has  been 
extended  to  NdFeB  alloys. 

In  excess  of  3000  alloy  compositions  were  gener¬ 
ated  from  the  magnetization  data  of  Nd2Fe]_4B  and 
HRE2Fei4B  alloys.  The  magnetization  of  (NdHRE) 2Fe]_4B 
was  computed  by  adding  the  Nd  and  HRE  moment  linearly. 
The  details  are  presented  in  this  publication. 

EXPERIMENTAL 

A  data  base  of  the  temperature  dependence  mag¬ 
netization  and  anisotropy  field  of  Nd2Fe^4B  as  well  as 
HRE2Fe^<i(Bg  (where  HRE  =  Ho,  Dyr  Er,  Tm  and  Tb)  were 
constructed  over  -50°C  to  +250°C  at  25°C  intervals. 


The  substitution  of  heavy  rare  earth  was  assumed  to 
replace  the  Nd  sites.  The  magnetization  of  the  com¬ 
bination  of  NdHRE2Fe^4B  was  calculated  by  adding  the 
Nd  and  heavy  rare  earth  moment  linearly.  The  temper' 
ature  coefficient  a  is  defined  as: 

a  (%  per  °C)  =-  100%  *  [M(T2)-M(T1)]/[M(Ti)*(T2-T1)  ] 

and  calculated  by  a  least  square  linear  fitting.  A 
Hewlett-Packard  85  computer  with  memory  space  of  32K 
was  utilized  to  conduct  these  calculations. 

Two  criteria  were  set  for  the  composition  selec¬ 
tion:  (1)  the  selected  composition  must  have  a  sat¬ 

uration  magnetization  greater  than  7,500  Gauss  at 
25°C,  and  (2)  the  temperature  coefficient  of  the  in¬ 
duction  must  be  less  than  -0.01%  per  °C  over  -50  to 
+200°C.  The  replacement  of  Nd  with  each  individual 
heavy  rare  earth  were  scanned  from  0  to  100%  at  2% 
increments.  Both  the  temperature  dependence  magnet¬ 
ization  curve  and  temperature  coefficient  a  were 
examined  simultaneously.  Neodymium  mixed  with  two 
or  three  heavy  rare  earths  were  also  examined  at  2% 
increments  respectively. 

Selected  alloy  compositions  were  prepared  by 
vacuum  induction  melting  and  cast  into  a  copper 
mold.  Ingots  were  processed  into  magnets  by  the 
traditional  powder  metallurgy  method  utilizing  a 
process  similar  to  that  used  for  SmCoj. 

The  temperature  coefficient  of  induction,  a, 
of  the  sintered  magnets  with  length  to  diameter 
ratio  (L/D)  of  1. 0-1.2  were  measured  by  the  open 
circuit  technique  (OCT)  C9]  from  -50  to  +150°C  at 
25°C  intervals.  The  demagnetization  curves  of  the 
sintered  magnets  were  also  measured  by  closed  cir¬ 
cuit  technique  (CCT)  for  the  same  temperature  range. 

The  Curie  temperature  of  the  cast  alloy  or 
sintered  magnet  were  measured  by  thermomagnetic 
analysis  (TMA)  under  an  applied  field  of  4  kOe. 
Samples  were  crushed  to  -400  mesh  powder  then 
sealed  under  inert  atmosphere  into  a  Vycor  cap¬ 
sule  for  measurement. 

RESULTS  AND  DISCUSSION 

Two  of  the  R2Fe]_4B  alloys,  Dy2Fe;L4B  and 
Tb2Fe]_4B,  have  temperature  coefficient  a  less  than 
-0.01  per  °C  as  shown  in  Table  I. 


Table  I. 


R2Fel4B 


The  Saturation  Magnetization  Ms  at 
25°C  and  Temperature  Coefficient 
of  Heavy  Rare  Earth  HRE2Fex4B  Alloys 

M 

s  Temperature  Coefficient 


R=* 

(Gauss) 

%  per  °C(-50  to 

Ho 

7,060 

+0.016 

Tb 

5,970 

-0 . 007 

Dy 

6,160 

+0.007 

Gd 

7,450 

-0.053 

Er 

7,890 

-0.042 

Tm 

9,810 

-0.078 

Owing  to  the  higher  magnetic  moment  of  Nd2Fe]_4B, 
the  combination  of  Nd  with  one  of  the  heavy  rare 
earth  results  in  an  increased  magnetization.  The 
slope  of  the  overall  curves  can  also  be  adjusted 
by  varying  the  relative  amount  of  Nd-HRE  combina¬ 
tion.  Illustrated  in  Figure  1  are  the  temperature 
dependence  magnetization  curves  of  (Ndi-xHox)2Fe^4B 
where  x  *  0  to  1.0  in  steps  of  0.2. 


R2F*,4B 
%  of  R 


4  40  60 

5  20  80 

6  0  100 


0  SO  100  150  200 

Temperature  (*C) 


Figure  1.  Computer  simulated  temperature  depend¬ 
ence  magnetization  curves  of  (Ndi_xHox) 
2Fei4B,  where  x  *  0,  .2,  .4,  .6,  .8, 
and  1.0. 


The  combination  of  Nd  with  other  single  heavy 
rare  earth  were  also  examined  for  the  entire  com¬ 
position  range  at  2%  increments.  Similarly,  a  com 
bination  of  Nd  with  either  two  or  three  heavy  rare 
earths  were  examined.  Listed  in  Table  II  are  the 
representative  compositions  of  low  temperature  co¬ 
efficient  alloys  with  their  saturation  magnetiza¬ 
tion  at  25°C. 


Table  II.  The  Saturation  Magnetization  at  25°C  and 
the  Temperature  Coefficient  of  R.2Fei4B 
Type  Magnet  Generated  by  Computer  Aid 
Alloy  Composition  Selection  Method 


T»mp«r»tur« 

X  of  Rar*  Earth  in  Rifat  4 8  Ms (25)  Coefficient 

(X  per  aC) 


84 

Ha 

OX 

Sd 

£x 

la 

Xh 

( Stm») 

-so  sa  iso 

sa  200 

9 

91 

7800 

+0.021 

-0.006 

a 

85 

7 

7700 

+0.018 

-0.008 

5 

35 

10 

7710 
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Figures 

2 

and 

3 

show 

the 

computer 

simulated 

curves 

for  various  heavy  rare  earth  containing  Nd2Fei4B 
alloys.  From  these  curves,  selected  alloy  composi¬ 


tions  were  processed  into  magnets.  The  properties 
of  these  low  temperature  coefficient  magnets  are 
listed  in  Table  III. 
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Figure  2.  Computer  simulated  temperature  dependence 
magnetization  curves  of  (NdHoEr>2Fei4B» 
(NdHoGd^Fe^B,  and  (NdHoDyGd) 2Fei4B  on 
the  corresponding  sintered  magnets  with 
slightly  higher  Nd  content. 
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Figure  3.  Computer  simulated  temperature  dependence 
magnetization  curves  of  (NdHoDy)2Fei4B, 
(NdHoDyGd)2Fei4B  and  (NdHoEr) 2Fe14B  of  the 
corresponding  low  temperature  coefficient 
sintered  magnets. 


Table  III.  Magnetic  Properties  of  Temperature 
Compensated  R^Fej^B  Type  Magnet 


Two  magnets  with  the  nominal  composition  of 
(Nd0.24Hoo.7oErQ.06)l5Fe79B6>  magnet  A,  and 
(Ndo.23H°0.64Dy0.i3)l5Fe79B6»  nagnet  B,  were 
selected  for  (1)  the  closed  circuit  temperature 
dependence  demagnetization  curve  measurement  and 
(2)  the  open  circuit  temperature  dependence  of 
induction  measurements.  Figures  4  and  5  are  the 
temperature  dependence  demagnetization  curves  of 
these  two  magnets.  The  temperature  dependence 
magnetic  properties  of  these  two  magnets  are 
summarized  in  Figure  6a  and  6b  respectively.  In 
figures  7  and  8,  the  temperature  dependence  mag¬ 
netization  curves  of  magnet  A  and  B  are  normal¬ 
ized  to  their  values  of  -50°C.  Shapes  of  the 


Shapes  of  the  computer  generated  curves  and  the 
experimental  curves  favorably  compare.  The 
temperature  coefficients  are  tabulated  in 
Table  IV.  The  other  two  magnets  with  higher  Nd 
contents  are  also  listed  for  comparison. 
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Figure  4.  The  temperature  dependence  demagnetization 
curves  of  (Nd0.23Ho0.70r)y0.13)l5Fe79B6* 


Figure  5.  The  temperature  dependence  demagnetization 
curves  of  (Ndo.24Hoo.70Ero.06)l5Fe79B6- 
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Figure  6b.  The  temperature  dependence  magnetic 
properties  of  Magnet  B. 
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Figure  7  Figure  8 

Figure  7.  The  experimental  and  computer  simulated 
temperature  dependence  magnetization  of 
Magnet  A  normalized  to  their  values  of 
-50°C. 


Figure  8. 


The  experimental  and  computer  simulated 
temperature  dependence  magnetization  of 
Magnet  B  normalized  to  their  values  of 
-50°C. 


Table  IV.  The  Comparison  of  the  Temperature  Co¬ 
efficient  a  of  the  Experimental  Results 
with  Computer  Simulated  Results 


X  of  R  in  Ri  s  7«r  t  B*  Toaparatur*  Coefficient  « 

*  par  ®C  (-50  to  *150) 


Hd 

Ba 

fix 

Sc 

Sd 

WMiaiatii 

24 

70 

6 

-0.034 

-0.013 

23 

84 

13 

-0.029 

-0.012 

61 

31 

7 

l 

-0.070 

-0.061 
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35 

-0.074 

-0.063 

We  have  extended  the  computer  technique  for 
the  computation  of  anisotropy  field  utilizing 
anisotropy  field  variation  with  temperature  of 
Nd2Fei4B  and  (HRE^Fe^B  alloys.  The  room  temp¬ 
erature  anisotropy  field  compare  within  5  kOe  of 
the  computed  fields. 

CONCLUSION 

Computer  simulation  technique  employed  pro¬ 
duced  alloy  compositions  that  compare  favorably 
with  experimental  observation  on  sintered  magnets. 
Number  of  alloys  with  varying  levels  of  tempera¬ 
ture  compensation  are  available  from  the  rare 
earth-iron-boron  alloys. 
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FIGURES 


1.  Computer  simulated  temperature  dependence 
magnetization  curves  of  (Nd^_xHox) 2Fe^4B, 
where  x  ■  0,  .2,  .4,  .6,  .8,  and  1.0. 

2.  Computer  simulated  temperature  dependence 
magnetization  curves  of  (NdHoEr)2Fe], B, 
(NdHoGd)2Fe14B,  and  (NdHoDyGd) 2Fe].4B  on 
the  corresponding  sintered  magnets  with 
slightly  higher  Nd  content. 

3.  Computer  simulated  temperature  dependence 
magnetization  curves  of  (NdHoDy)2Fei4B, 
(NdHoDyGd)2Fei4B  and  (NdHoEr)2Fe]_4B  of 
the  corresponding  low  temperature  co¬ 
efficient  sintered  magnets. 

4.  The  temperature  dependence  demagnetization 
curves  of  (Ndo. 23800.70^0. 13)l5Fe79B6* 

5.  The  temperature  dependence  demagnetization 
curves  of  (Ndo.24H°0.70Fr0.06)l5Fe79B6' 

6a.  The  temperature  dependence  magnetic  prop¬ 
erties  of  Magnet  A. 

6b.  The  temperature  dependence  magnetic  prop¬ 
erties  of  Magnet  B. 

7.  The  experimental  and  computer  simulated 
temperature  dependence  magnetization  of 
Magnet  A  normalized  to  their  values  of 
-50°C. 

8.  The  experimental  and  computer  simulated 
temperature  dependence  magnetization  of 
Magnet  B  normalized  to  their  values  of 
-50°C. 


